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cylinder receiver, and the results are used to validate a projection method for flux prediction. 71 Garcia et al. [35] indicated that the convolution methods and most MCRT models are limited to 72 standard receiver geometries such as flat plate, cylinder, and simplified cavity receiver without 73 considering the tubes and cavity effect, although they can predict the real-time optical performance 74 which includes the real-time flux and efficiency. It is also found that there is almost no limit on 75 geometries in SOLTRACE. However, it has no function to predict the real-time performance, 76 because the sun position and heliostat tracking angles cannot be updated automatically in the code.
77
The current status is that no studies have developed a model to manage both the complex geometry 78 with complex optical processes in the MTCR of a SPT and the prediction of real-time optical 79 performance.
80
To provide better studies to the optical system of SPT, present work focuses on developing a 81 comprehensive optical model using Monte Carlo Ray Tracing (MCRT) [36, 42] . The main Table 1 . Due to the lack of published data, the slope and tracking errors of the heliostat are 102 assumed to be the same as those of PS10 plant [37, 44] , where the tracking errors of the two axes of 103 a heliostat are assumed to be equal to each other.
104
In the model, two aiming strategies are provided for the heliostat field. One is the traditional 105 one-point aiming strategy, where all heliostats aim at the center of the MTCR's aperture, i.e. O in 
Mathematical model

120
The transfer of a sunray in a SPT with a MTCR could be divided into two parts. One is the 121 process in the heliostat field as shown in Fig. 3 , and the other is the process within the MTCR as two minor processes which are (1) diffuse and specular reflection on the tubes and cavity walls, and
126
(2) absorption on the tubes and the walls. In the second part, the cavity effect which refers to the 127 multiple reflections and absorptions on the tubes and walls should be considered carefully. as that of XtYtZt (Fig. 3) . The local system on tube is defined as XlYlZl, and the relation between XtYtZt
154
and it is illustrated in Fig. 3 . The transformation matrixes including M1 ~ M14 among these systems Define the optical parameters.
Start End
Output the solar flux distributions on the aperture, tubes and walls; Output the efficiencies The altitude (αh) and azimuth (Ah) of the heliostat's center normal are calculated by Eq. (1) In the above equations, 
Solar model and photon initialization 187
The shape effect of the sun is considered, and the photons initialized at a point on the heliostat 188 are treated as a cone with an apex angle of 2δsr=9.3 mrad (Fig. 3) 
where each ξ is a uniform random number between 0 and 1, i.e. ξ ~U[0,1]; Nday is the day number in 
199
The solar radiation is assumed to be uniform, so the photons are initialized uniformly on the 200 heliostat, and the intersection of the photon and the heliostat is initialized by Eq.(13).
where D H,O is the distance between H and O in Fig. 3 ; and the heliostat radius equals to twice of 
where ηatt is the atmospheric attenuation which is computed as a function of the distance between O 
Shading and blocking
222
The shading is the part of heliostat shadowed by the adjacent heliostats or the tower, and the 223 blocking is the part of reflected rays blocked by nearby heliostats (Fig. 3) . The blocking here is in system II can be derived using PI,II and RI,II. Finally, the intersection of the ray and heliostat II 228 surface is calculated, and if it is within heliostat II, the ray is blocked. 
Multiple reflections among the tubes and walls
250
When the photon hits the cavity walls or the tubes (Fig. 3) , a random number (ξ8) is generated 
= sin cos sin sin cos
After the reflection, firstly, Rl will be transformed from XlYlZl to XtYtZt and expressed as Rt in 
Statistics of the photon and flux
268
The quadrilateral grids are generated on the tubes and walls, and when a photon is absorbed by 269 these surfaces, the statistics of the photon would be conducted in the following way. First, the where Se is the area of the element. 
Parameter definitions
275
Some performance indexes are defined below to characterize the optical performance.
276
The instantaneous efficiency of the MTCR (ηi,R) which is also called the effective absorptivity 
287
The energy maldistribution index (σE) among the tubes is defined in Eq.(30 
310
The uncertainty which depends on photon number (Np) is analyzed with at the above condition.
311 Figure 7 shows the maximum flux on the tubes (ql,max) and ηi,T with different Np. It is seen that there 312 will be no obvious change in ql,max and ηi,T when Np is larger than 5×10 8 and 2×10
7
, respectively. utilized. This is because the rays can only shine on the middle part of the tubes when all heliostats 354 aim at the aperture center.
355
From Fig. 11(d) , it is seen that a hot spot appears on the middle cavity wall defined in Fig. 2,   356 because the incident rays from the field hit this wall through the gaps between the tubes. However,
357
there is no spot on the east and west walls for the reason that the incident rays are blocked by the 358 tubes installed along these walls which are very steep in the depth direction of the receiver. Also,
359
two hot spots appear on the upper and lower walls due to the diffuse reflections in the MTCR. .
(e) The tubes and cavity walls. 
Effects of tracking-error models on real-time performance
369
The effects of two tracking-error models on the real-time performance are studied in this And the values of ql,max on the aperture and the tube for Model A are 24.9 % and 11.2% larger than 383 those for Model B, respectively. It is also found that the maldistribution index (σE) for Model A is 384 8.2% larger than that for Model B. As a result, a deviation in ηi,T of 1.5 percent is also observed. ). 396
Effects of aiming strategies on real-time performance
397
The effects of one-point and multi-point aiming strategies on the real-time performance are 398 investigated in this section. For DAHAN plant, a five-point aiming strategy as indicated in Fig. 1 
399
and Fig. 2 is implemented, where the coordinate value (d) for the aiming points in XrYrZr is 0.7 m. W·m -2 at ts=12. This sharp decline of ql,max will certainly be of great help to the safe operation of the 406 receiver.
407
Moreover, it is seen that the values of maldistribution index (σE) drop 31.6 % and 33.7 % when 408 the five-point strategy is applied for ts=12 and ts=15, respectively, and it can also be seen that longer 
Real-time optical efficiency of the plant in a year
427
The instantaneous efficiency of the plant for the power entering the aperture (ηi,A), the which is the design point of the plant. It is seen in Fig. 19 that ηi,R is around 93.5 % for winter 436 solstice and spring equinox, and for summer solstice it is around 93.0 %. It is also seen that ηi,R 437 almost keeps constant when ts=9-15h, while it is smaller in the early morning and late afternoon.
438
This is because a greater proportion of power is shined on the cavity walls under the later condition. Therefore, it is clear that the impact of cavity effect is more significant at low αt than that at high αt.
479
The above results quantitatively reveal the impact of cavity effect on the MTCR's performance, 480 which show that the optical loss can be reduced greatly due to cavity effect, especially when αt is 481 relatively low. than αt when the cavity effect is ignored. This is because some rays entering the aperture hit the 488 cavity walls rather that the tubes, and these rays will never be absorbed by the tubes when the cavity 
493
In summary, the evaluation of the real-time optical performance for an realistic SPT using the 494 present model has been illustrated above, and the results indicate that this model is an exercisable where αt,r and Αt,r are the altitude and azimuth of the tube in XrYrZr, respectively, as shown in Fig. 3 .
549
For present MTCR, αt,r=90° and Αt,r =-90° for all the tubes. 
